With the increasing incidence of fractures now, and in the future, the absolute number of bone-healing complications such as nonunion development will also increase. Next to fracture-dependent factors such as large bone loss volumes and inadequate stabilization, the nutritional state of these patients is a major influential factor for the fracture repair process. In this review, we will focus on the influence of protein/amino acid malnutrition and its influence on fracture healing. Mainly, the arginine-citrulline-nitric oxide metabolism is of importance since it can affect fracture healing via several precursors of collagen formation, and through nitric oxide synthases it has influences on the bio-molecular inflammatory responses and the local capillary growth and circulation.
Introduction
The absolute number of fractures will increase in the future due to rapid aging of the population and the associated incidence of osteoporosis [1] . Current estimations for a person in the general population on sustaining a fracture are 1 in 100 persons per year [2] , with risks of suffering an osteoporotic fracture ranging between 13% and 50% [3, 4] . The observed change in lifestyle in the older population will lead to people being more active until a higher age and increased sports-related fractures [5] . With increasing incidences in (different types of) fractures, the absolute number of complications during the fracture-healing process, such as nonunion development, will also show an increased prevalence [6] . Next to a drastically diminished quality of life for the patients, high socio-economic costs contribute to the problem of nonunion development [7] . Nutrition has a major influence on fracture healing, with observed fracture-healing impairment in the malnourished and undernourished population. In this review, we will focus on the influence of malnutrition on bio-molecular responses and subsequent complications during the fracture-healing process and nonunion development.
Normal Fracture Healing
To understand nonunion development, first normal fracture healing will be discussed. Fracture healing is a complex process of partially overlapping sequential phases, starting with an inflammatory response and hematoma formation caused by the tissue reactions on vascular and soft tissue damage [8, 9] . The inflammatory phase is followed by the formation of a soft fibro-cartilaginous matrix consisting primarily out of fibroblasts and chondrocytes, providing primary mechanical stability at the fracture site [9] . The cartilaginous matrix acts as a template for the hard callus in the third stage of the healing process. During the osteogenic phase of primary bone formation, irregular woven bone is formed and vascularization towards the callus increases. Finally, after the primary bone formation, this irregular woven callus is replaced into lamellar bone, thus forming the original cortical and trabecular form of the bone [8] [9] [10] .
Nonunion Development
In the healing process of five to ten percent of all fractures, difficulties occur resulting in or nonunion development of the fracture [11] [12] [13] . Although there is no definitive consensus [14] , nonunions are clinically characterized by motion between the fracture parts and a persisting fracture line present on radiographic imaging. This finally results in the development of a synovial pseudo-arthrosis after 6 to 9 months after the initial trauma [15, 16] . Traditionally, nonunions are classified either as hypertrophic or atrophic [16] . Hypertrophic nonunions usually are well vascularized and exhibit partial callus formation. However, due to the inadequate stabilization of the fracture parts, movement impedes the formation of a solid callus [16] . On the contrary, atrophic nonunions show low levels of callus formation and are usually considered to be of an avascular or metabolic origin hampering callus synthesis.
Risk factors for nonunion development are generally divided into fracture dependent or patient dependent [17] . Fracture-dependent factors include a lack of cortical apposition, the presence and degree of communition, displacement of the fracture [18] , blood supply to the fracture region [19, 20] , presence of periosteal damage [21] [22] [23] and soft tissue damage associated with infection [24] . Logically, critical sized segmental defects also have a higher nonunion risk due to large segmental bone loss [25] . Patient dependent risk factors include age, gender, genetic disorders, metabolic diseases, smoking, non-steroidal anti-inflammatory drug (NSAID) use and the patient's nutritional status [17, 23, 26] among others. As for age and sex, the distribution of nonunions has distinct peaks in males in the age category between 25 and 29 years. As for females, elderly aged around 75 years, where show a sharp incline starting after their 65th year [6] . This incidence reflects the epidemiology of fractures in men and women and their age distribution [27, 28] . Metabolic diseases resulting in vitamin D deficiency, thyroid disorders and parathyroid hormone disorders are more often found in patients who development a nonunion. Medical treatment alone of these comorbidities can result in union of the fracture parts [29] .
The nutritional status, especially malnutrition will be discussed in more detail in the next paragraphs in this review.
Proteins and Malnutrition in Fracture Healing

Influence of Collagens and Bone Morphogenetic Proteins on Fracture Healing
Proteins which are most abundant in bone and which have major influences during the fracture-healing process are the different types of collagen and the bone morphogenetic proteins (BMPs).
Collagen is the most abundant protein present in bones [30] . Until now, 28 types of collagen have been discovered, of which type I (Col I) represents 90% of the total collagen in the human body and which is the main component of the organic part of the bones. A normal type 1 collagen protein consists of so-called alpha-1 type I collagen chains and alpha-2 type 1 collagen chains which combined form a molecule of type I procollagen. Extracellularly, these molecules are processed and arranged into thin fibrils with the ability to cross-link with each other resulting in mature collagen fibers. These mature collagen fibers, three-dimensionally exhibit a triple helical-like structure, which prevents collagen from being broken down by enzymes, contributing to adhesiveness of cells and formation of the extracellular matrix [31] . Formation of abnormal and irregular collagen fibers can be the result of a vitamin C deficiency, since ascorbic acid is a cofactor for collagen synthesis. Presence of irregular fibers will result in a delayed healing of the fracture or possible formation of a decreased strength in the newly formed bone resulting in a higher chance of subsequent fractures [30, 32] . In scaffolds which are used for tissue regeneration, collagen is often used since the in vivo stability but also the pore-like structure contributes to the adhesion of fibroblasts and osteoblasts [33] .
Other types of collagen which are related to bone healing and bone formation are collagen X (Col X) and collagen XI (Col XI). Both Col X and Col XI are mainly found in (hypertrophic and mineralizing) chondrocytes and so play a role in formation of the soft cartilaginous fibroblastic matrix formed during endochondral ossification.
The second important player are the BMPs. During primary bone formation, BMPs, which are glycoproteins, are involved in mediating the process of osteoblasts synthesizing the mineralized callus [34] . BMPs first described by Marshall Urist in the 1960s [35] belong to the transforming growth factor (TGF) superfamily [36] . BMPs, are known not only to be active in growth and differentiation but also show high degrees of osteogenic potential in in vitro, as well as in animal and human in vivo research [37] [38] [39] [40] . BMP signaling follows a time-dependent sequential cascade of chondrogenesis, osteogenesis, angiogenesis and the synthesis of extracellular matrix [41, 42] , allowing them to be used for influencing bone formation throughout the complete course of the fracture-healing process. Although a variety of approximately twenty BMPs have been identified and classified [36] , until now, only recombinant human (rh) BMP2 and rhBMP7 (also known as osteogenic protein-1; OP-1) are used clinically in orthopedic and trauma surgery [43, 44] .
Numerous (genetic) studies have found a wide array of signaling pathways leading to different proteins which are involved in the fracture-healing process. One of the most intensively studied is the β-catenin-dependent Wnt signaling, which has been reviewed extensively before [45, 46] . However, since this canonical Wnt signaling pathway mainly is involved in maintaining bone mass, it is mainly investigated within osteoporotic fractures as it might counter the bone volume inhibitory effects of overexpressed molecules as Dickkopf (Dkk) and Sclerostin (Scl) [47, 48] , this pathway is not further reviewed within this paper.
Nutritional Status and Fracture Healing
Older adults (>65 years) are at a higher risk of malnutrition [49] . Malnourishment is the physical condition in which a person's food intake is either too low or high for one or more nutritional factors, or a misbalance between the nutritional factors is present. Associated with malnourishment is a lower body mass index (BMI) which also is correlated with an increased fall risk [50] . This increased fall risk may result in a higher risk for sustaining a fracture, hence it may contribute to the total number of nonunions developing in these trauma patients.
A poor nutritional state increases the risk for osteoporotic fractures [51] and also of nonunion development as osteoporosis leads to a reduction of osteoblasts and callus production [23, 52] . Next to osteoporotic fractures, mal/undernourished patients tend to have more fall incidents when compared to non-malnourished patients [53] . The frailty of especially the elderly population undergoing surgery is associated with higher rates of mortality [54] and a longer hospital stay [55] and multiple readmissions [56, 57] . In addition, the prolonged inactivity of patients after hospital admission and revalidation after a traumatic fracture can result in a substantial loss of skeletal muscle mass of up to 5% of total muscle mass within the first two weeks after trauma [58] . This sarcopenic state of the patients contributes to the anabolic process of bone formation during the healing period, resulting in a higher chance of nonunion development [59, 60] .
A vastly explored method for improving malnourishment is supplementation with different amino acids, which is investigated in animal testing [61] [62] [63] [64] as well as in (hospitalized) patients [65] [66] [67] [68] , for a range of different conditions such as cancer, cardiac disease, sepsis, and liver metabolism, but also for its possible beneficial effects on post-surgical infection development [69] and in orthopedic diseases [70] .
In geriatric trauma patients, the majority of essential and non-essential amino acids is known to be significantly decreased when compared to healthy geriatric control patients [71] . Already in 1976, lower ornithine concentrations were observed in patients with fractures after major trauma [72] when compared to control patients. These results are in line with the fact that ornithine is, through polyamine production, a precursor for collagen synthesis [73] . Underlining these findings is the fact that a deficiency of ornithine is contributing to the enhanced nonunion risk in multi-trauma, patients [17, 23] , which often also exhibit a malnourished state during the prolonged hospitalization and immobilization. Protein-depleted patients with a fracture of the hip showed higher prevalence of complications, a longer admission period in the hospital and a lower one year survival probability [74] when compared to non-depleted patients.
Next to essential amino acids [75, 76] , non-essential amino acids such as glutamine, arginine and their precursors possess beneficial anabolic properties which are essential during fracture healing [77] .
Hughes et al. observed [78] an enhanced fracture and soft tissue healing, in rats were a closed femoral midshaft fracture was induced with subsequent intramedullary nailing and afterwards received anabolic dietary supplementation, consisting of proteins and the conditionally essential amino acids glutamine, arginine and taurine. Groups with high concentrations of proteins and the conditionally essential amino acids glutamine and arginine (among others) showed increased muscle mass and bone mineral density in the fracture callus after a healing period of six weeks when compared with animals that were fed a diet with low concentrations of proteins. In a comparable study [79] , malnourished rats (protein-depleted) which underwent a closed femoral fracture, showed a callus primarily composed of fibrous tissue with decreased periosteal and endosteal callus size and decreased callus strength when compared with control animals which underwent a closed femoral fracture.
The focus in most of these studies [75] [76] [77] [78] [79] is the semi-essential amino acid arginine. During normal physiological conditions, arginine is produced from conversion of citrulline by the two cytosolic enzymes arginosuccinate synthetase (ASS) and arginosuccinate lyase (ASL). The importance of arginine is due to it being the only precursor within the human which physiologically can be converted into nitric oxide. Citrulline exhibits a low dietary intake (13% of total arginine); however, 60-80% is contribute by the conversion of glutamine into citrulline in the enterocytes of the small intestine. A third way in which citrulline can be produced is degradation of ornithine via ornithine transcarbamylase. In Figure 1 , a schematic overview of the arginine-citrulline-NO-metabolism is presented. polyamine production, a precursor for collagen synthesis [73] . Underlining these findings is the fact that a deficiency of ornithine is contributing to the enhanced nonunion risk in multi-trauma, patients [17, 23] , which often also exhibit a malnourished state during the prolonged hospitalization and immobilization. Protein-depleted patients with a fracture of the hip showed higher prevalence of complications, a longer admission period in the hospital and a lower one year survival probability [74] when compared to non-depleted patients.
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Influences of Nitric Oxide and Nitric Oxide Synthases on Fracture Healing
Several in vitro studies provide a solid scientific base for the possibilities of stimulating the arginine-nitric oxide (NO) metabolism with the interest of enhancing the fracture-healing process. During the conversion, nitric oxide is produced. Citrulline can be converted back into arginine by the enzymes arginosuccinate synthetase (ASS) and arginosuccinate lyase (ASL). Conversion of arginine into ornithine is mainly via arginase 1 (Arg1). Ornithine acts as a precursor for collagen synthesis through conversion via several polyamine molecules. Along a second route, it can be converted into citrulline by the enzyme ornithine transcarbamylase (OTC).
Several in vitro studies provide a solid scientific base for the possibilities of stimulating the arginine-nitric oxide (NO) metabolism with the interest of enhancing the fracture-healing process.
Stimulation of human osteoblasts derived from osteopenic patients with arginine has been shown to have a positive effect on proliferation, activation and differentiation and matrix synthesis [80] , thus suggesting possibilities in prevention of osteoporotic fractures.
Previously, Chevalley et al. reported [81] on the influence of arginine on murine osteoblast-like cells. The supplementation of arginine increased the concentrations of IGF-1 (insulin-like growth factor-1) and the de novo collagen synthesis. As IGF-1 is a potent regulator of osteoblastic bone formation, supplementation of arginine might be a promising option in malnourished patients with osteoporotic fractures [82] . In combination with L-lysine supplementation of arginine, beneficial effects on proliferation were shown in osteoblast cultures from osteopenic rats [83] , resulting in increased type 1 collagen formation.
In 2000, Diwan et al. reported [84] that nitric oxide (NO) had a role in fracture healing as it was expressed in callus tissue during fracture healing. Also, NO was known to play a critical role in other physiological processes such as wound-healing [85] and tendon healing [86] . Next to its role in fracture repair, NO is known to be involved in a wide range of musculoskeletal conditions such as inflammatory arthritis [87, 88] , osteoporosis [89] , aseptic loosening of implanted prosthesis [90] and tendon healing [86, 91] .
After inducing a closed right femoral midshaft fracture in rats by three-point bending [92] , the importance and presence of NO production in fracture healing was shown by the activity of calcium-dependent and -independent nitric oxide synthase (NOS1 and NOS3) activity that was detected in homogenized fracture callus by using a conversion assay of [ 3 H]-arginine to [ 3 H]-L-citrulline. In addition, immunohistochemical tests localized NOS2 presence in these rats at the junction of fibrous tissue and the cartilage front. On mRNA level, expression of NOS2 was present after 4, 7 and 15 days of fracture healing, whereas NOS1 and NOS3 were only expressed after 7 and 15 days.
Human fracture callus samples collected in patients undergoing open reduction and internal fixation of a fracture [84] NOS2 and NOS3 mRNA was present in 3-to 5-day old fractures. NOS1 was only present in a 90-day old fracture.
Rats fed the nonselective NOS inhibitor L-Nitroso-arginine methyl ester (L-NAME) via the drinking water ad libitum prior to surgery inducing an midshaft femoral fracture and during the follow-up period, showed an approximate 20% decrease in cross-sectional callus area and average mineral density when compared to rats fed the inactive enantiomer D-NAME [84] . During biomechanical testing, these NOS-inhibited rats showed a decrease in peak failure load, stiffness and energy required to break the healing femur. In addition, supplementation of an NO donor (NONOate derivative of carboxybutyl chitin) resulted in a 30% increase in cross-sectional area was shown when compared to L-NAME treated animals. However, rats which received L-NAME did not show a distinct change in trabecular bone formation rate [93] .
These results are in line with studies investigating wound-healing responses, were addition of an NO donor increases skin wound-healing [94] whereas NOS2 gene deficient animals which showed decreased wound closure rates [95] . In fracture healing, deletion of the NOS2 gene in mice [96] showed a significant decrease in maximum energy absorption during biomechanical testing when compared to normal wild type mice. NOS2 −/− mice receiving NOS2cDNA directly at the fracture site by implantation of a gelatine sponge, showed normal energy absorption and an increased callus cross-sectional area.
In addition to this study, Zhu et al. reported on type specific and time-dependent expression of different NOS isoforms in the fracture-healing process [97] . In an open rat fracture model in which controlled femoral midshaft fracture was made and afterwards fixed with a 1.6 mm Kirschner wire, all NOS isoforms were expressed during the first 21 days of fracture healing. However, were NOS2 had its peak after 4-7 days, consistent with the inflammatory phase in the fracture-healing process [98] . NOS3 mRNA and protein were mainly expressed between 7-14 days, were osteoblastic differentiation and activity is at is maximum [99] . The neuronal NOS1 was found after 21 days during the remodeling phase of the fracture, indicating a lower importance in nonunion development since disturbances during the early and middle stages of fracture repair generally lead to nonunions.
Next to the distinctive temporal expression of the different NOS isoforms, an isoform dependent spatial localization is found in healing rat fractures [100] . The initially upregulated NOS2 is found mainly along the edge of the periosteal callus, close to the cortical bone and in areas of endochondral ossification. Endothelial NOS3 was primarily present in cells lining blood vessels and cells in the chondral region. Lastly, NOS1 showed a signal between the fibrous tissue and cartilage within the fibrochondral region of the healing fracture [97, 100] .
NOS2-derived NO production is important in bone formation by mediating the transduction of a mechanical stimulus into biological responses in bone [93, 101, 102] . When treating rats with the selective NOS inhibitor aminoguanidine, bone formation rate, mineral apposition rate and the percentage of mineralizing surface is significantly lower in the proximal tibial epiphysis when compared with control animals [93] . In addition, NOS expression is shown to correlate with new bone formation during distraction osteogenesis in rats [103] .
In a tail-suspension model simulating hindlimb unloading in mice, the role of NOS2 in skeletal adaptation to acute increases was investigated [104] . Gene deficient NOS2 mice showed a decreased bone volume and bone formation rate after 7 days of tail suspension. During subsequent 14-day reloading, increases in bone formation and volume were abolished in NOS2 mice in comparison with control animals. Treatment with the NO donor nitroglycerine corrected the defective responses in NOS2 deficient mice. As presented in our recent study [105] , in a mouse model of delayed fracture healing caused by periosteal cauterization, an absence of NOS2 or NOS3 resulted in a diminished bone formation with significantly lower bone volumes measured and a shift in these mice from delayed union towards nonunion. Comparable results were found in a fracture-healing study conducted by Kdolsky et al., were arginine was administered to guinea-pigs subjected to a 7 mm diaphyseal and periosteal femoral defect stabilized intramedullary with a K-wire. Radiographic analysis of these animals showed an increased number of healed fractures in the treatment group when compared to control animals [63] .
Osteocalcin, a protein which is produced and secreted by osteoblasts, is increased in serum of rats fed L-NAME with/without addition of L-arginine via the drinking water for a period of 18 days. Serum levels reflect systemic bone formation; however, bone formation indices in tibial epiphysis in these rats showed no correlation with osteocalcin concentrations [93] .
Possible Applications for D-Enantiomeric Amino Acids
In recent years, a possible role for D-amino acids had been investigated in bone research and fracture repair [106, 107] . With the development of different fracture-healing animal models [108] , mainly in mice and rats, the possibilities for research into infectious complications during bone healing have increased [109] [110] [111] . In the clinical situation there is still a high risk for developing implant-related infectious complications [112] . Staphylococcus aureus is the micro-organism which is most abundant in chronic osteomyelitis [113] and with a high potential of forming biofilms [114] and associated incidences of nonunion development [115] . Recent studies by Sanchez et al. showed that a local delivery of a combination of D-amino acids from biofilm-dispersive scaffolds showed a reduced S. aureus contamination in vivo and in vitro [106] . On the contrary, although in vitro experiments showed that D-amino acids also inhibit bone marrow stromal cell proliferation and differentiation of osteoblasts and osteoclasts, new bone formation in an ovine model is not hampered [107] . More research into the role of D-amino acids needs to be conducted to elucidate the so far contradicting results found in these studies.
Concluding Remarks and Future Possibilities
In this review, a large amount of preclinical evidence is presented to substantiate the hypothesis that in clinical development of nonunion, specific amino acid deficiencies play an important role.
Mainly, the arginine-citrulline-nitric oxide metabolism has a major influence on the process of fracture repair, more specifically appropriate concentrations of amino acids and temporal expression of nitric oxide synthase enzymes are of utmost importance for an adequate bone-healing process. Future clinical research should focus on detecting specific amino acid deficiencies in patients directly after sustaining a fracture, and on the other hand on randomized controlled trials focusing on the results of amino acid supplementation in patients with observed deficiencies.
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